[1] The transport of fine sediment, carried in suspension by water, is central to the hydrology, geomorphology, and ecological functioning of river floodplains and deltas. An extensive new field data set for the Peace-Athabasca Delta (PAD), Canada quantifies robust positive relationships between in situ suspended sediment concentration (SSC) and remotely sensed visible/near-infrared reflectance. These relationships are exploited using SPOT and ASTER satellite images to map suspended sediment concentrations across the PAD for four days in 2006 and 2007, revealing strong variations in water sources and flow patterns, including flow reversals in major distributaries. Near-daily monitoring with 276 MODIS satellite images tracks hydrologic recharge of floodplain lakes, as revealed by episodic infusions of sediment-rich water from the Athabasca River. The timing and magnitude of lake recharge are linked to springtime water level on the Athabasca River, suggesting a system sensitive to changes in river flow regime. Moreover, recharge timing differentiates lakes that are frequently and extensively recharged from those recharged more rarely. Finally, we present a first estimation of river flow velocity based on remotely sensed SSC, though saturation may occur at velocities >0.6 m/s. Viewed collectively, the different remote sensing methodologies presented here suggest strong value for visible/near-infrared remote sensing of suspended sediment to assess hydrologic and sediment transport processes in complex flow environments. Field observations including nephelometric turbidity, specific conductivity, water temperature, Secchi disk depth, suspended sediment concentration, and water level are archived at the Oak Ridge National Laboratory Distributed Active Archive Center for Biogeochemical Dynamics (available at
Introduction
[2] The suspension, transport, and deposition of sediment rank among the most important geomorphic processes in shaping the physical landscape and regulating ecological systems [Knighton, 1998] . They are particularly critical in floodplain and deltaic environments, where most landscape features are formed by the movement of sediment and water [Gomez et al., 1995] . Therefore, observation of spatial and temporal patterns in sediment transport is helpful in understanding the formation and function of these environments and how they may respond to natural and anthropogenic perturbations in the future.
[3] A common measure of sediment transport is suspended sediment concentration (SSC), the mass of sediment entrained within a unit volume of water. A variety of fieldbased methods have been developed to measure SSC. Most commonly, a water sample is collected in the field and filtered to extract suspended matter. The filtered material is then dried, weighed and divided by the sample volume to obtain SSC concentration (mg/L). Other methods exploit changes in the optical or acoustic properties of water associated with variations in SSC [Wren et al., 2000] . Field-based methods provide accurate, point-based measurements of SSC, but spatial variations are rarely captured and temporal resolution is often limited [Curran and Novo, 1988; Miller and McKee, 2004] .
[4] Satellite remote sensing offers an alternative option for tracking spatial and temporal variations in SSC. It is especially useful in large, remote or complex hydrologic environments where in situ monitoring is insufficient or impractical. Most techniques for remote sensing of SSC construct empirical relationships between reflectance and in situ measurements collected simultaneously in the field [Curran and Novo, 1988; Schmugge et al., 2002] . Sensitivity to SSC variations is generally highest in the red portion of the spectrum ($620 -740 nm) [Schiebe et al., 1992] , though a combination of several visible and near-infrared bands often produces the most robust SSC-reflectance relationships [Stumpf and Pennock, 1989] . Reflectance-SSC regressions are generally highly effective (often R 2 > 0.8) and have been successfully used to remotely estimate SSC in a wide variety of fluvial and oceanic environments.
[5] Suspended sediment concentrations normally exhibit a strong statistical relationship with such hydraulic flow parameters as discharge and velocity [Maidment, 1993] . In particular, a relationship between flow velocity and SSC has been observed at least since the pioneering work of Leopold and Maddock [1953] . Therefore, it would seem possible in principle to infer flow velocities from satellite-derived SSC values, at least in systems where the prime determinant of suspended solids is flow capacity rather than sediment supply.
[6] Rising pressure on water resources, coupled with a poor global monitoring capability, have intensified efforts to remotely measure river hydraulic properties using satellites [Alsdorf et al., 2007a; Alsdorf and Lettenmaier, 2003] . Of the three fundamental hydraulic determinants of river discharge (width, depth, and velocity), substantial progress has been made in remote sensing of variations in water level [e.g., Smith, 1997; Kouraev et al., 2004; Coe and Birkett, 2004; Frappart et al., 2006; Raclot, 2006; Alsdorf et al., 2000 Alsdorf et al., , 2007b and width [e.g., Smith et al., 1995 Smith et al., , 1996 Townsend and Foster, 2002; Bjerklie et al., 2005; Temimi et al., 2005; Ashmore and Sauks, 2006; Brakenridge et al., 2005 Brakenridge et al., , 2007 Smith and Pavelsky, 2008; Pavelsky and Smith, 2008b] . However, there are currently few options for remote sensing of flow velocity. Along-track synthetic aperture radar interferometry (ATI) has been used to estimate surface currents in rivers [Bjerklie et al., 2005] and coastal oceans [Siegmund et al., 2004] , but the technology is currently unavailable from space and wind significantly contaminates the derived velocity values. The time lag between remotely sensed upstream and downstream width variations can be used to establish a river's average ''flow propagation speed'' [Smith and Pavelsky, 2008] but not instantaneous measurements of velocity.
[7] In complex floodplain and delta environments, the hydrologic recharge of lakes and wetlands is critical to ecological function. However, our capability for observing such recharge remains limited. Remote sensing offers strong promise [e.g., Smith and Alsdorf, 1998; Mertes, 2000; Alsdorf, 2003; Frazier et al., 2003; Alsdorf et al., 2007b; Pavelsky and Smith, 2008a] but is often limited by a low temporal sampling rate or requires correlating long time series of satellite images with ground data. Where floodplain lakes are replenished by sediment-rich rivers, however, the presence of high SSC in lakes is a sure indicator of hydrologic recharge from river water. Therefore, using a high temporal resolution sensor (e.g., MODIS), it may be possible to monitor the timing and duration of highsediment incursions and, thus, lake recharge.
[8] In this study, we examine applications of remote sensing to the study of suspended sediment transport and flow velocity in the Peace-Athabasca Delta (PAD), Canada, a large complex wetland at the confluence of the Peace and Athabasca Rivers with Lake Athabasca. Following a brief review of the published literature on remote sensing of SSC, we describe the PAD study site and our field and remote sensing sampling campaigns. Results include (1) robust relationships between SSCs and remotely sensed reflectance; (2) spatial maps of SSC from four high-resolution ASTER satellite images, based on these relationships; (3) detection of hydrologic recharge events in floodplain lakes using daily MODIS images; and (4) a first estimation of river flow velocity from remotely sensed reflectance.
Remote Sensing of Suspended Sediment Concentration in Freshwater and Estuarine Environments: A Review
[9] Remote sensing of suspended sediment concentration is dependent upon how SSC variations alter the optical properties of the water column. Assessment of SSC and nephelometric turbidity in freshwater and estuarine environments was among the earliest hydrologic applications of satellite remote sensing [e.g., Ritchie et al., 1976; Holyer, 1978] . Turbidity, a measure of optical clarity, can be quantified directly using a light turbidimeter, or visually using Secchi disc depth. Because sediment concentration is often the primary control on turbidity, the two quantities are frequently treated similarly with respect to remote sensing [Ritchie et al., 2003] . Methods used to assess SSC and/or turbidity have different variants, but nearly all construct empirical relationships between in situ water quality data and remotely sensed reflectance values. These relationships generally take the form of a linear or exponential regression equation [Curran and Novo, 1988; Schmugge et al., 2002; Topliss et al., 1990] , though recent work suggests that a neural network approach can improve on these basic statistical relationships [Keiner and Yah, 1998; Wang et al., 2008] . In addition, spectral mixture analysis has been successfully used to map SSC [Mertes et al., 1993; Mertes, 2002; Gomez et al., 1995; Matsuhisa and Fukushima, 2008] .
[10] The principal methodological difference among such studies is the choice of spectral band(s) from which to extract reflectance measurements. The simplest approach utilizes reflectance from a single band in the red portion of the spectrum, e.g., Landsat TM band 3 or MODIS band 1 [Shi and Wang, 2009; Miller and McKee, 2004; Islam et al., 2001; Hellweger et al., 2006; Nellis et al., 1998; Woodruff et al., 1999] . However, laboratory studies suggest robust reflectance-SSC relationships throughout the visible portion of the spectrum [Novo et al., 1991; Liedeke et al., 1995; Schiebe et al., 1992] , and many studies combine red reflectance with reflectance in one or more other visible bands in order to increase robustness when sediment color varies [Wu et al., 2007; Dekker et al., 2001; Han et al., 2006; Tassan, 1997; Lathrop et al., 1991; Aranuvachapun and Walling, 1988; Lathrop et al., 1991] .
[11] While the high sensitivity of the visible portion of the spectrum, especially red, to variations in SSC is well documented, portions of the near-infrared spectrum are also sensitive to SSC and have the advantage of being less influenced by bottom reflectance in shallow water environments than do shorter wavelengths [Tolk et al., 2000] . As a result, several studies have successfully utilized near-infrared reflectance alone to assess variations in turbidity or SSC [Wass et al., 1997; Sterckx et al., 2007] . More commonly, however, near infrared reflectance is used in combination with red reflectance [Doxaran et al., 2002 [Doxaran et al., , 2003 Holyer, 1978; Ruhl et al., 2001; Wang et al., 2008; Xia, 1993] or reflectance in multiple visible bands [Cozar et al., 2005; Ekercin, 2007; Fraser, 1998; Ritchie and Cooper, 1988; Schiebe et al., 1992; Stumpf and Pennock, 1989; Tassan, 1994; Topliss et al., 1990; Tripathi et al., 1998; Ritchie and Cooper, 1991] via a multiple linear regression approach, creation of a ratio-based index, or through the construction of a single metric from multiple bands. In cases where hyperspectral imagery or ground-based spectrometer data are available, variations in the derivative of observed spectra in the 570 to 680 nm and 800 to 930 nm portion of the spectrum have also been effectively utilized to create empirical relationships with SSC [Chen et al., 1992] .
[12] All of these approaches result in robust statistical relationships between satellite-derived reflectance and ground-based SSC or turbidity data, with coefficients of determination (r 2 ) ranging from 0.60 to 0.99. Principle sources of uncertainty in these relationships result from differences in sediment color, grain size, and mineralogy within a study region [Choubey, 1998; Novo et al., 1989; Han and Rundquist, 1996] , from bottom reflectance in shallow areas where suspended sediment concentrations are less than 100 mg/L [Tolk et al., 2000] , from contamination by chlorophyll, carotenoids, and other reflective suspended or dissolved material [Tassan, 1994; Quibell, 1991; Han, 1997] , and from differences in atmospheric correction techniques [Stumpf and Pennock, 1989] . Additionally, in regions with SSC values greater than 250 mg/L some studies have found that reflectance begins to saturate and that the SSC-reflectance relationship becomes logarithmic [Ritchie and Cooper, 1988; Ritchie et al., 2003] . Xia [1993] suggests that this problem can, in part, be resolved by using a band ratio between a red band such as Landsat TM band 3 and a short-wave infrared band such as TM band 5.
[13] In areas with stratified water masses of different provenance such as river plumes, the depth of a highsediment water layer can influence reflectance. Tassan [1997] introduces an innovative solution in which separate reflectance-SSC relationships are created using Landsat TM band 2 (green) and band 3 (red). Because the penetration depth of photons in water depends on wavelength, the ratio of sediment concentrations derived using these two relationships can be used to assess the structure of such a stratified water column. Relationships between reflectance and SSC are generally transferable over time for the same location so long as the source of sediment does not substantially vary [Ritchie et al., 2003; Dekker et al., 2002] . Use of a relationship developed in one locale to assess variations in sediment concentration in other areas may be possible in some cases, though such a transfer can be problematic due to differences in sediment quality (e.g., color, size, mineralogy) [Ritchie and Cooper, 1991; Liu et al., 2003; Lathrop, 1992; Fraser, 1998; Dekker et al., 2002; Ritchie et al., 2003] .
Study Area
[14] Canada's Peace-Athabasca Delta (PAD), a 5200 km 2 freshwater delta at the confluence of the Peace and Athabasca Rivers with Lake Athabasca, ranks among the world's most globally significant boreal wetlands (Figure 1 ). Because of its high biological diversity, the PAD has been declared a Ramsar Convention Wetland, a UNESCO world heritage site, and is partially protected within Wood Buffalo National Park, Canada's largest park. Other than some exposed bedrock features in the northern sector, the PAD consists of hundreds of interconnected wetlands, shallow lakes (<2 m depth), and active and relict distributary channels. It is typical of most delta ecosystems, which depend largely upon regular recharge of sediment and water. Without such recharge, the grass-and sedge-dominated wetlands and shallow lakes revert to Salix-dominated envi- ronments that are less biologically productive and less conducive to use by migratory birds [Prowse and Conly, 2002; Toyra and Pietroniro, 2005; Timoney, 2006 Timoney, , 2009 .
[15] Under normal flow conditions the Athabasca River, entering from the south, is the major source of sediment and water to the PAD. More rarely, the Peace River also recharges the delta during extreme floods triggered by ice jams [Beltaos et al., 2006; Leconte et al., 2001; Peters et al., 2006] . The last such flood occurred in 1996 -1997, ending a 22 year period with no major inflow of Peace River water into the PAD. The hydrology of the PAD has received extensive attention in recent years over concerns about the impact of the Bennett dam on the Peace River [e.g., PeaceAthabasca Delta Project Group, 1973; Prowse and Lalonde, 1996; Pietroniro et al., 1999; Wolfe et al., 2005; Peters et al., 2006] and water withdrawal for crude oil production in the Alberta Oil Sands development, upstream on the Athabasca River [Pavelsky and Smith, 2008a; Schindler and Donahue, 2006] .
[16] The movement of suspended sediment within the PAD remains largely unstudied despite the critical importance of sedimentary processes to the formation and evolution of the delta. After the end of the last glaciation around 11.8 ka BP, the modern-day PAD was inundated by Lake McConnell, a large proglacial lake that persisted until $8.3 ka BP [Smith, 1994] . Isostatic rebound associated with deglaciation subsequently resulted in the drainage of Lake McConnell and the gradual creation of the PAD in its present form. Today, the delta can be separated into three regions: the Athabasca River Delta, a prograding avulsion belt occupying the southern portion of the delta; the Peace River Delta, a largely relict formation occupying the northern PAD; and a transitional area between the Peace and Athabasca Deltas dominated by several large lakes, including Lake Claire and Lake Mamawi [Peters et al., 2006] . The Athabasca region is the primary focus of this study and its approximate boundaries, together with these three regions, are delineated in Figure 1 .
Data and Methods

Field Methods
[17] In situ measurements of water quality, hydraulic variables, and meteorology were collected throughout the study area via boat, helicopter and semipermanent installations during summers 2006 and 2007. Measured water quality variables include nephelometric turbidity, specific conductivity, water temperature, Secchi disk depth (SDD), and suspended sediment concentration (SSC) ( Table 1) . Measured hydraulic variables include water depth, flow velocity, and flow direction. In total, one or more of these variables was measured at 102 locations throughout the study area over the course of two summers, yielding a total of 657 data points. Locations were sampled 1 -25 times, with many revisited 8-15 times over the two year study. The complete data set is archived at the Oak Ridge National Laboratory Distributed Active Archive Center for Biogeochemical Dynamics (available at http://daac.ornl.gov//HYDROCLIMATOLOGY/ guides/PAD.html) .
[18] Turbidity, conductivity, and temperature were collected using a Eureka Manta 1 multiprobe. At each sampling point, observations were collected at 2 s intervals, and at least 30 observations were averaged in order to ensure good measurement quality. Two measurements of SDD were collected, one with the disk descending in the water column and the other with the disk ascending, and averaged to provide a single value for SDD. Water surface grab samples were collected from the top of the water column (0 -30 cm depth) in 250 ml Nalgene 1 sample bottles, and suspended solids were filtered onto 1.2 mm Millipore cellulose filters using a vacuum-based filtration system. Filters were dried for 1 h at 60°C before and after filtration then weighed on an analytic balance with precision to 0.001 g to determine mass of suspended solids. Filters were then ignited at 550°C for 2 h in a muffle furnace to remove organic components and provide a final value for SSC. All observations of SSC acquired during the summer 2006 and 2007 field seasons are mapped in Figure 2 .
[19] Surface flow velocity in rivers and lakes was approximated using a small drogue in combination with a Garmin Geko 1 handheld GPS and a stopwatch. The drogue was constructed of four rectangular 22 Â 28 cm hard plastic panels connected at right angles with L brackets (N.D. Smith, personal communication, 2006) . A small float was attached 10 cm above the top of the drogue using parachute cord. To collect surface velocity the drogue was dropped into the water and a GPS point and time were recorded. The drogue was allowed to drift with the current, in most cases for at least 3 min. A second GPS point and time were collected when the drogue was retrieved, and velocity in m/ s was calculated using the straight-line distance between the two points and the time the drogue was in the water. Wind speed and direction were collected at two locations within the PAD (Figure 1 ) on a 15 min time step using Hobo 1 automated weather stations at 2 m height.
[20] Daily river discharge values for the Athabasca River below Ft. McMurray, approximately 150 km upstream of the PAD, were acquired from Environment Canada (available at http://www.wsc.ec.gc.ca/hydat/H2O/index_e.cfm?cname= main_e.cfm). In addition, water surface elevations were collected at 12 locations throughout the PAD during summers 2006 and 2007 [Pavelsky and Smith, 2008a; Smith and Pavelsky, 2009] . Water levels were logged every fifteen minutes using submerged Solinst Levelogger 1 pressure transducers and were corrected for barometric pressure variations using Solinst Barologgers 1 . Precision of the corrected water levels is ±1 cm. Water level measurements were converted to water surface elevation values using differential GPS-based surveys with accuracy of ±1 to 5 cm. All elevation values presented were leveled to the Canadian Gravimetric Geoid Model 2000 (available at http://www. geod.nrcan.gc.ca/publications/papers/abs26_e.php). (Table 2 ). All scenes were projected into UTM Zone 12N/WGS 84 and radiometrically and geometrically corrected to account for differences in sun and sensor angles as well as atmospheric conditions. Empirical relationships between the natural logarithm of SSC and red reflectance (band 2 for both sensors) as well as total reflectance (the sum of band 1, 2, and 3 reflectance values) were created for three high-resolution images (1 SPOT, 2 ASTER) coinciding with collection of in situ SSC data. Past studies suggest that reflectance values from one sensor acquired on multiple dates can be successfully combined without biasing the SSC-reflectance relationship [Miller and McKee, 2004; Cozar et al., 2005; Fraser, 1998 ]. As a result, we combine data points from the two ASTER images in a single regression analysis. Only those SSC data collected within 48 h of scene acquisition were used in constructing these relationships.
[22] In order to ensure robust SSC-reflectance regressions, we test regression assumptions in three ways. Cook's distance (D i ) is used to measure the statistical influence of each data point by calculating the impact of its removal from the regression [Cook, 1977] . A value of D i > 1.0 indicates either a point with high leverage or an outlier. We also include the Breusch-Pagan Test, in which statistically significant (p < 0.05) correlation between square residuals and the independent variable (reflectance, in this case) indicates heteroskedasticity [Breusch and Pagan, 1979] . Finally, we create normal probability plots of residuals, in which a high linear correlation between residuals and their z statistics indicate that the residuals are normally distributed [McPherson, 2001] . Rather than printing the plots here, we simply provide the correlation coefficients. Values close to 1.0 confirm normal distribution of residuals.
[23] In the six largest lakes within the PAD (including Lake Claire, Lake Mamawi, Lake Athabasca, and Lake Richardson, Figure 1 ), reflectance remains chronically high throughout the open water season even when measured SSC does not. This persistently high reflectance remains pervasive across all visible and near-infrared ASTER, SPOT and MODIS bands and for all dates, though the spatial extent of water exhibiting the anomalously high reflectance varies over times. The source of this elevated reflectance remains unknown, but appears related to high algal productivity in the largest lakes only. The spatial distribution of chlorophyll a concentration from the MODIS chlorophyll product [Pinkerton et al., 2005] closely matches that of anomalously high reflectance, suggesting a link between biological activity and reflectance (Figure 3 ). These six largest lakes have therefore been excluded from our analysis.
[24] Daily 250 m resolution MODIS Level 2G Aqua and Terra scenes (MOD09QKM and MYD09QKM) were acquired between May 1 and September 15 in 2006 and 2007. All MODIS Level 2G scenes are radiometrically and geometrically corrected to account for differences in sun and sensor angle and variations in atmospheric conditions. These corrections, including those for aerosols, thin cirrus clouds, and adjacency effects associated with land cover variations provide image-to-image consistency in reflectance values and are thus essential to our analysis [Justice et al., 2002] . All scenes were projected into UTM zone 12N/WGS 84. A binary metric to differentiate high-and low-sediment water (M) was created by thresholding the difference between MODIS band 2 (near infrared, 841 -876 nm) and band 1 (red, 620 -670 nm) reflectance at a value of 0.01:
Images with cloud contamination were eliminated using a simple threshold in band 2. Aside from the six large lakes with anomalously high reflectance discussed above, this threshold is met only for water with high SSC. This allows the metric to be used to capture hydrologic recharge events (in which floodplain lakes are replenished by sedimentladen water from the Athabasca River), in a manner similar to that used by Mertes [2000] on the Amazon floodplain, Shi and Wang [2009] in the Mississippi River Delta, and Teodoro et al. [2008] in the Douro River estuary. The volume of Athabasca water entering the floodplain lake can be roughly estimated by dividing the number of highsediment pixels by the total number of water pixels on a given day using the formula:
Where S is area of high sediment water in a lake (M = 1) and A is total lake area, and SAI is the Sediment Area Index. SAI is useful because it tracks the extent of the sedimentladen plume entering a lake, which (together with its concentration) is proportional to the total suspended sediment transport into the lake basin.
Results
Establishing SSC-Reflectance Relationships
[25] Comparisons of in situ suspended sediment concentrations with turbidity and Secchi dish depth measurements suggest that, as in many freshwater systems, SSC is the primary control on the optical properties of PAD surface waters. Values of SSC collected throughout the PAD over two summers range from nearly clear ($0 mg/L) in some closed lakes and distributaries to $1000 mg/L in the Peace River during high flow (Figure 2 ). The measured SSCs strongly control water column turbidity and SDD as evidenced by a high correlation (R 2 = 0.88, 0.79 respectively) between the natural logarithm of SSC and both variables (Figures 4a and 4b) . [26] Strong positive relationships are also found between SSC and remotely sensed red reflectance (R 2 = 0.82, 0.78) and total reflectance (R 2 = 0.89, 0.79) in the SPOT and ASTER scenes for which field data are available ( Figure 5) . Maximum values of Cook's distance (D i ) are substantially less than 1.0 for all regressions (Table 3) , suggesting an absence of outliers or other high-leverage points. High correlation coefficients computed from normal probability plots of residuals (r > 0.98 in all cases) indicate that residuals are normally distributed in all cases. BreuschPagan statistics suggest that heteroskedasticity may be present only in the ASTER band 2 regression, likely due to a cluster of low residual data points with high SSCs. As the degree of heteroskedasticity is limited and lacks a physical explanation, we suggest that all four regressions meet assumptions for linear regression analysis.
[27] For both SPOT and ASTER, highest coefficients of determination are associated with total reflectance. This result supports Schiebe et al. [1992] , who suggest that SSC-reflectance relationships are most robust when multiple spectral bands are used in combination rather than simply red reflectance. It is unsurprising that regression equations created using SPOT and ASTER reflectances differ somewhat, as the wavelengths of the three bands utilized here, while similar, are not identical ( Table 2) . Regardless of these differences, reflectance values from both sensors exhibit strongly positive linear relationships with the natural log of SSC, allowing reflectance values throughout each image to be exploited to estimate suspended sediment concentrations throughout the PAD on the day each satellite image was acquired.
[28] In order to assess differences in SSC-reflectance relationships among different source regions, we divide the data points in Figure 5 into three regions: the Peace River, Athabasca River, and central PAD. While sample sizes and spread are insufficient to compute reliable statistics, visual examination of Figure 5 suggests that in each regression, points from all regions follow the overall regression line. This is particularly true for the two total reflectance plots, in which variations in sediment color are likely less important than in the plots of red (band 2) reflectance.
Mapping Suspended Sediment Concentrations in the PAD
[29] The linear relationship between SSC and SPOT total reflectance shown in Figure 5a was used to create the first known maps of suspended sediment concentration in the PAD (Figure 6 ). Fraser [1998] suggests that SSCreflectance relationships created using SPOT imagery are transferable from scene to scene, and we use the relationship established in Figure 5 Figure 6a show the normal direction of flow for major PAD channels, whereas arrows in Figure 6b show the direction of flow recorded on the ground during this unusual high-water event as measured in situ using a drogue (Section 4.1). Major changes include flow reversals on two channels connecting the Peace River with the central portion of the PAD, as well as reversed flows to at least 5 floodplain lakes in the southern PAD. Plumes of high-sediment water are observed near the outlet channels of several of these lakes in Figure 6b , indicating inflow of water from the Athabasca River. In both maps SSC remains constant or decreases downstream, suggesting little resuspension of sediment stored within the PAD, at least during the times these two satellite images were acquired. Maps of sediment concentration were also successfully created using ASTER scenes from July 19, 2006 and July 13, 2007 but are not shown here. Discharge in the Peace and Athabasca Rivers is lower in July than in June, resulting in lower SSCs, but the spatial distributions of SSCs on these ASTER acquisition dates are otherwise similar to those in Figure 6a .
Remote Sensing of Hydrologic Recharge to Floodplain Lakes
[31] High-resolution maps such as those in Figure 6 provide spatially rich information on patterns of SSC for a particular day, yet they remain problematic from the perspective of monitoring sediment transport and deposition processes continuously due to their low temporal resolution [Ritchie et al., 2003] . In contrast, daily MODIS images have insufficiently fine spatial resolution (250 m) to track suspended sediment concentrations in river channels within the PAD but can detect SSC variations in floodplain lakes with a high temporal sampling rate.
[32] The capture of episodic lake recharge events is illustrated with three MODIS images in Figure 7 (May 18, June 13, and September 7, 2007; band 2). Red tones on each image identify those areas where M = 1 (Section 4.2), revealing inflows of sediment-rich Athabasca River water. While high wind events could resuspend bottom sediments in shallow lakes, low correlation between wind speed and lake recharge (r = 0.06) suggests that wind contamination is unlikely here. The previously described large lakes with chronically high reflectance (section 4.2) are masked out in gray. High flows in the Athabasca River (discharge = 3,170 m In each case, the use of total reflectance rather than red reflectance results in a stronger statistical correlation indicated by the higher r 2 . Points are colored according to region. In the case of total reflectance, results suggest that mean divergence from the overall regression line does not differ by region. Figure 9b) . In each year, lake recharge is associated most strongly with the period during and immediately following the spring flood, while a lesser number of lakes are replenished by high water events later in the season. The lag between discharge and lake recharge visible in Figure 9 is expected, since the discharge gauge is located some 150 km upstream of the delta.
Remote Sensing of Flow Velocity
[34] The well-known relationship between at-a-station flow velocity and suspended sediment concentration [e.g., Leopold and Maddock, 1953] , implies that it may be possible to estimate surface velocity, at least qualitatively, from remotely sensed SSC. Figure 10 shows two velocityreflectance curves constructed using field-measured velocity data from 30 sampling sites throughout the study area and total reflectance from ASTER scenes collected July 19, 2006 and July 13, 2007. On both days, a robust positive relationship between velocity and reflectance is evident (R 2 = 0.83 and 0.84, respectively). However, the regression form is linear in the 2006 ASTER image and exponential in the 2007 ASTER image. The reason for this difference is unclear, but may indicate temporal hysteresis in the relationship between SSC and river discharge [Leopold and Maddock, 1953] . In addition, temporal variations in the size of suspended sediments likely affect SSC-discharge relationships, and resuspension of sediment may vary with discharge and depth.
[35] Maximum D i values from the two regressions were 0.15 and 0.63, respectively, indicating a lack of outliers or other high-leverage data points. Results from a BreuschPagan Test (r = 0.21, p = 0.24) and normal probability plot of residuals (r = 0.98) indicate robustness in the 2006 regression. Given the strong nonlinearity in the 2007 regression, it is unsurprising that the Breusch-Pagan Test shows heteroskedasticity (r = 0.56, p < 0.01), though the residuals remain normally distributed (r = 0.98). We believe that heteroskedasticity results from saturation in the velocity-reflectance relationships at velocities greater than $0.6 m/s. As such, we consider predicted velocity values above this threshold to be nonrobust.
[36] Despite the presence of heteroskedasticity in the 2007 data, we believe that the regression lines shown in Figures 10a and 10b represents the data sufficiently well that maps of surface flow velocity can be made for the associated image, at least for velocities <0.6 m/s. Figure 11 shows flow velocities for a portion of the southern PAD constructed using the July 2007 ASTER image and rating curve. As anticipated, velocities are highest (red) on the Athabasca River and its distributaries and lowest (blue) in lakes. Because the relationship on which the map is based is exponential in nature, velocity values saturate above approximately 0.6 m/s. As such, it is difficult to discern Figure 6b , indicating inflow and recharge from Athabasca River water. differences in flow velocity on the main stem of the Athabasca River, where velocities are generally close to 1.0 m/s. However, on the Embarras River (a distributary of the Athabasca, shown within a white box in Figure 11 ), flow velocities are seen to decrease downriver. Ground validation of this decrease is shown in Figure 12 , which compares a profile of remotely sensed SSC (July 13, 2007) with in situ measurements of velocity and SSC collected on June 25, 2007. Despite being acquired 18 days apart, the field and satellite SSC data show general agreement. Furthermore, all three data sets indicate a downstream slowing of flow velocity in the Embarras River. This downstream decline in visible/near-infrared reflectance is found in all SPOT and ASTER images included in this study (Table 2) .
[37] The question of whether velocity-reflectance rating curves are transferable from image to image remains open. The substantial difference between the two rating curves in Figure 10 suggests that transfer may not be possible. However, statistically significant (p < 0.01) relationships between at-a-station velocity and turbidity at three points on the Athabasca River ( Figure 13 ) do suggest that temporal relationships between velocity and SSC can be exploited. Because available data for each location includes outliers with substantial statistical influence, the Pearson's correlation coefficient is an inappropriate measure of covariance. Instead we use Spearman's r, a nonparametric test of correlation, which is not influenced by outliers [Spearman, 1904] . Further studies are necessary to address image-toimage consistency in velocity-reflectance relationships and collect sufficient in situ data to create robust at-a-station regressions between turbidity and velocity. At a minimum, it appears that relative variations in flow velocity can be identified between different areas of the PAD, at least qualitatively and within the same satellite image.
Discussion and Conclusions
[38] There are three principal conclusions to be drawn from this analysis. The first is that robust statistical relationships can be constructed between SSC and remotely sensed reflectance in the complex fluvial environment of the PAD. Unlike previous studies using remote sensing to examine SSCs in river and wetland environments [e.g., Cozar et al., 2005; Han et al., 2006; Mertes et al., 1993; Wass et al., 1997] , the PAD receives water from at least three major sources (the Peace and Athabasca Rivers, and also Lake Athabasca), each of which has different source regions for sediment, unique ecological influences, and diverse human impacts. Nonetheless, SSC-reflectance relationships for the PAD are as robust as in many less hydrologically complex regions, especially when multiple visible and near-infrared bands are utilized rather than a single red band. This finding confirms past research using reflectance from multiple spectral bands in other freshwater and estuarine environments [Schmugge et al., 2002; Ritchie et al., 2003] . Like most previous remote sensing studies of SSC we principally focus on only one hydrologic system, and the transferability of regressions developed here to other environments remains unknown. Still, strong similarities in SSC -total reflectance relationships regardless of sediment source region ( Figure 5 ) suggest that future research may allow the extension of such regressions to the regional scale.
[39] However, it is important to note that robust, useful SSC-reflectance relationships were produced only by eliminating 6 large lakes with anomalously high reflectance values from consideration. The cause of their chronic high reflectance values remains unknown, but may result from high algal productivity. The shifting spatial pattern of high reflectance in these lakes clearly mimics those of high chlorophyll a concentration (Figure 3) . However, chlorophyll a alone should not account for high reflectance at all visible and near-infrared wavelengths as it usually has little influence on red reflectance. Therefore, we suggest that a combination of chlorophyll and other biogenic compounds are a likely cause of persistently high reflectance. Future collection of in situ chlorophyll, biogenic silica, and dissolved oxygen data sets in the PAD are needed to confirm or disprove this hypothesis.
[40] The second principal conclusion of this study is that it is possible to detect the episodic recharge of PAD floodplain lakes with river water, using daily MODIS data to identify when sediment-rich plumes enter the lakes. In complex wetland environments like the PAD numerous ecological and biogeochemical processes depend on such infusions, which cannot necessarily be detected from multitemporal maps of water surface area, e.g., from synthetic aperture radar (SAR) data [Smith and Alsdorf, 1998 ]. While it is possible that floodplain lakes in the PAD may be recharged from other sources without receiving highsediment river water from the Athabasca River, recharge and hydrologic connectivity are a certainty when high-SSC river water is observed in a lake. As such, time series of SAI can be used to differentiate lakes that are frequently and extensively recharged (such as Lakes 1 and 4 from Figure 8 ) from those which are recharged more rarely, in some cases only during the spring flood (e.g., Lake 2).
[41] The close agreement between the number of Athabasca Delta lakes recharged and Athabasca River discharge (Figure 9 ) suggests that lake recharge is principally controlled by variations in river flow. Moreover, the greater number of lakes recharged during peak Figure 7a . Sediment recharge of Lakes 1 and 4 closely follows discharge on the Athabasca, while recharge of Lake 2 occurs only during the spring flood. Pervasively high SAI in Lake 6 is the result of anomalously high reflectance values and does not reflect actual sediment recharge. that most lakes are recharged only during the spring flood. However, we also find that a limited number are recharged during the secondary high-water event in mid-June, suggesting that some portions of the PAD may be sensitive to high water events other than the spring freshet. This finding appears somewhat at odds with the results of Pavelsky and Smith [2008a] , which found little sensitivity of PAD inundation area to summer high-water events. Closer examination, however, reveals that lakes shown here to be recharged during summer high water events match closely with the few areas of the PAD that appear sensitive to Athabasca River flows in that study. The conclusion of both studies, then, must be that delta-wide recharge is associated only with the spring flood, while a more limited subset of lakes and wetlands can be replenished through summertime highwater events. The current findings also support Wolfe et al. [2007] , who utilize varying isotopic signatures of lake water throughout the PAD to track sources of recharge. Such close coupling of lake recharge and river flow indicates a system that may be highly sensitive to long-term changes in flow on the Athabasca River, especially during the spring flood.
[42] Prior to this study, assessing the frequency of recharge events has been problematic due to the difficulty of obtaining field-based data in such environments and a lack of satellite data with daily temporal resolution and adequate spatial resolution [Pavelsky and Smith, 2008a; Alsdorf et al., 2007b] . Even MODIS data are only useful for monitoring lakes >$25 ha, and are too coarse for the study of river channels. Extension of the SAI metric to track interannual variations in water and sediment recharge across the PAD would allow assessment of vulnerability to future changes in the Athabasca River flow regime. Mean annual flow in the Athabasca has decreased by approximately 20% since Figure 7 . In each year principal lake recharge occurs during the spring flood, while later high water events affect only a limited number of lakes. Figure 10 . Scatterplots showing regression relationships between surface flow velocity at points within the Athabasca River Delta and total reflectance (band 1 + band 2 + band 3) for two ASTER images. In situ velocity data were collected within 0-48 h of satellite image acquisition. Both plots show strong agreement between velocity and reflectance, suggesting that spatial variations in velocity within an image can be remotely sensed. The difference in regression equation form ((a) linear, (b) exponential) may be related to temporal hysteresis in the relationship between SSC and river discharge.
1958, largely in response to diminished contribution from snowpack and glaciers in the Canadian Rockies, and this trend is expected to continue in response to anthropogenic climate change [Schindler and Donahue, 2006] . In addition, increased petroleum production in the Alberta Oil Sands will require substantial diversions of water from the Athabasca over the next decade [Griffiths et al., 2006] . While near-term withdrawals are unlikely to significantly impact hydrologic recharge and sediment transport in the PAD during the open water season, further diversions, when combined with the effects of climate change, may result in substantial impacts [Pavelsky and Smith, 2008a] . The methodology presented here may help identify and monitor those areas of the PAD most vulnerable to reduced inputs of water and sediment from the Athabasca River.
[43] The third conclusion of this study is that it appears possible to extract variations in surface flow velocity from remotely sensed imagery by exploiting the positive relationship between velocity and SSC. Substantial progress has been made in recent years in remote sensing of river discharge, yet methods for remote estimation of flow velocity (a central component of discharge calculation) remain in virtual infancy [Siegmund et al., 2004; Bjerklie et al., 2005; Alsdorf et al., 2007a] . The method presented here is entirely different from previous methods utilizing along-track SAR interferometry (ATI) and avoids the main problems of that technique, notably the lack of available satellites and contamination by wind. It allows for mapping of velocities with moderate spatial resolution, permits at least a qualitative if not quantitative assessment, and a relationship between SSC and velocity may exist over time as well as space. Unlike ATI, however, it does not directly measure velocity but a proxy for it (SSC) that is also influenced by other factors like upstream supply and local sources and sinks of sediment. Moreover, the form of the appropriate regression relationship between velocity and reflectance remains uncertain (Figure 10 ) and may vary with time, complicating application of the method across dates and locations. Finally, for all of the methods presented here, in situ measurements are required to construct the Figure 11 . The first known map of surface flow velocities created using an empirical velocity-reflectance relationship. Velocities were derived from ASTER image acquired July 13, 2007 using regression equation shown in Figure 10b . The velocity relationship was calibrated using 30 in situ velocity measurements (shown as white circles) collected within 0 -48 h of the satellite image acquisition. Highest velocities are in red, lowest in blue. The Embarras River (white box) shows decreasing downstream velocity and is shown in profile in Figure 12 . requisite empirical relationships between satellite-derived reflectance, suspended solids, and hydraulic variables.
